The eukaryotic replicative helicase CMG is assembled at replication origins and is thought to remain topologically closed until termination. Upon encountering a lesion, CMG must vacate a stalled fork to allow DNA repair. However, the fate of CMG under these stress conditions remains unclear. Here, using correlative single-molecule fluorescence and force microscopy, we show that when uncoupled from a DNA polymerase, CMG opens a single-stranded (ss) DNA gate to traverse a forked junction and reside on double-stranded (ds) DNA. Surprisingly, CMG undergoes rapid diffusion on dsDNA and can transition back onto ssDNA for continued fork progression. The accessory protein Mcm10 is required for robust ssDNA gating. These results reveal an Mcm10-induced pathway that preserves CMG on DNA and allows it to access a repaired fork for swift replication recovery.
The eukaryotic replicative helicase CMG (Cdc45-Mcm-GINS) is assembled and activated at origins of replication by numerous factors (Bell and Labib, 2016; Deegan and Diffley, 2016) . A mature CMG consists of the Mcm2-7 hexameric ATPase forming a two-tiered ring and the accessory subunits Cdc45 and GINS bracing the N-terminal tier of the ring (Costa et al., 2011; Yuan et al., 2016) . After origin firing, CMG unwinds dsDNA by tracking along one strand in the 3'-5' direction while excluding the other strand from its central channel (Fu et al., 2011; O'Donnell and Li, 2018) . During normal synthesis, CMG forms a complex with the leadingstrand DNA polymerase (Pol ε ) (Langston et al., 2014) . Upon encountering a DNA lesion, CMG uncouples from the stalled Pol ε and needs to vacate the replication fork so repair factors can gain access (Berti and Vindigni, 2016) . However, it remains unclear whether a repaired fork can be restarted by the same CMG that is retained on DNA, or if replication recovery relies on a distant replisome traveling from another origin.
To gain a better understanding of CMG dynamics, we prepared Saccharomyces cerevisiae CMG labeled with a Cy3 fluorophore on Cdc45 ( Figure S1 ) and combined singlemolecule fluorescence microscopy and optical tweezers (Hashemi Shabestari et al., 2017) to directly observe the behavior of CMG on DNA in real time ( Figure 1A ). We first examined CMG on a ssDNA substrate prepared from biotinylated phage λ genomic dsDNA [48.5 kilobase pairs (kbp) in length] and tethered between two optically trapped beads ( Figure S2 ). We found that, when supplemented with Mcm10-an essential eukaryotic replisome protein (Baxley and Bielinsky, 2017; Bell and Labib, 2016 )-CMG can readily bind to ssDNA and exhibit unidirectional translocation ( Figure 1B) . The rate of translocation was measured to be 10.4 ± 0.9 nucleotides per second (nt/s) (mean ± SEM; N = 62) with 1 mM ATP at room temperature ( Figure 1C ). CMG was observed to be immobile in the absence of ATP ( Figure S3 ). Such ATP-dependent directed movement most likely requires strand encirclement via interactions between DNA and the central pore of the Mcm2-7 ring, as supported by structural studies of ring helicases/translocases from the same ATPase family (O'Shea and Berger, 2014) .
Moreover, loaded CMG can withstand high salt (0.5 M NaCl) and high tether tension [>80 picoNewton (pN)] ( Figure S4 ), further suggesting that it is encircling ssDNA. These results provide direct evidence that CMG can load onto ssDNA without a free end and translocate in a directional and processive manner.
Next we assessed the role of Mcm10 in CMG interaction with ssDNA. We found that omission of Mcm10 decreased the loading efficiency of CMG on ssDNA by ~65-fold ( Figure   1D ), suggesting that Mcm10 greatly enhances CMG's ability to open its ring and encircle ssDNA. Consistent with this picture, using Mcm10 labeled with an LD650 fluorophore and two excitation lasers (532 nm and 638 nm) to detect CMG and Mcm10 fluorescence signals respectively, we showed that CMG and Mcm10 co-localize and co-migrate on ssDNA ( Figure   1E ). Hence, CMG forms a complex with Mcm10 during ssDNA translocation. We also performed a bulk helicase assay to corroborate the single-molecule data. Without Mcm10, CMG can unwind a 32 P-oligonucleotide with a 5' flap annealed to circular M13 ssDNA (Ilves et al., 2010; Langston et al., 2014) ; however, Mcm10 significantly stimulated unwinding ( Figure   S5 ). Due to the 3'-5' unwinding polarity of CMG (Moyer et al., 2006) , the helicase must load and encircle the circular ssDNA in order to unwind this flap. Taken together, these results demonstrate the existence of an Mcm10-stimulated "ssDNA gate" in CMG that enables strand passage. Unless noted otherwise, Mcm10 was thus included throughout this study and we refer to the CMG-Mcm10 complex as CMGM.
We next examined the behavior of CMGM on dsDNA. CMGM displayed minimal affinity to a tethered phage λ dsDNA at low force; by contrast, CMGM binding was readily observed upon application of high tension (>65 pN) to the tether (Figure 2A ). We posited that this is due to binding of CMGM to force-induced ssDNA regions. To confirm this interpretation, we used the eukaryotic ssDNA-binding protein RPA labeled with AlexaFluor488 (A488) to mark ssDNA regions of the tether. Areas of RPA fluorescence emerged when high tension was applied to the tether ( Figure 2B ), indicating that stretches of dsDNA are melted into ssDNA as characterized previously (van Mameren et al., 2009) . Interestingly, lowering the tension back to 10 pN led to strand reannealing and ejection of RPA from DNA, which is demonstrated by disappearance of the RPA fluorescence signal ( Figure 2B ). The observation that RPA rapidly dissociates in favor of DNA rehybridization entails that RPA alone cannot keep two complementary ssDNA strands separated unless the chromosome is under high tension, or at least one strand is occupied with other proteins or nucleic acids-a concept that may have important implications for RPA-ssDNA signaling in the nucleus.
We then used two-color fluorescence detection to directly analyze the co-localization of Cy3-CMGM and A488-RPA. We found that CMGM predominantly (82%, N = 71) binds to the edges of RPA-coated ssDNA regions, indicating its preference for ss-ds fork junctions ( Figure   2C ). If the loaded CMGM encircles ssDNA at the fork junction and functions as a replicative helicase, it is expected to support replisome assembly and fork progression. To test this hypothesis, we complemented Cy3-CMGM with the numerous factors required for replisomemediated DNA synthesis in vitro (Lewis et al., 2017) . Force was raised to ~65 pN to promote CMGM loading at the fork, and then reduced to favor nucleotide addition over exonucleolysis by the polymerase (Wuite et al., 2000) . We observed that, upon binding to the fork, CMGM underwent directional movement with a rate of 7.0 ± 1.0 nt/s (mean ± SEM; N = 33) at room temperature ( Figure 2D ), consistent with the replication fork speed measured in vivo (Sekedat et al., 2010) .
To seek further evidence that CMGM loading at the fork can lead to active replication, we attempted to directly visualize newly synthesized DNA. First we monitored Cy3-CMGM binding to the optically trapped DNA using the same protocol as described above, but with a replication mixture containing digoxigenin-conjugated deoxyuridine triphosphate (Dig-dUTP).
After ~5 minutes of incubation at low force, the tethered complex was moved to a separate channel containing Cy5-labeled anti-digoxigenin antibodies (anti-Dig) ( Figure S6A ). Nascent DNA stained by Cy5-anti-Dig was indeed observed exclusively at positions where Cy3-CMGM was located (Figures 2E and S6B) . We note that Dig-dUTP severely inhibits the rate of synthesis ( Figure S6C ); thus we did not observe a Cy5-anti-Dig tract length commensurate with the amount of CMGM movement observed without Dig-dUTP. Nonetheless, the observations of CMGM translocation and CMGM-dependent DNA synthesis together strongly suggest that CMGM at the fork is functional for replisome assembly.
Next we sought to follow the fate of CMG once the polymerase becomes uncoupled from the helicase under replication stress. To mimic this situation, we applied the sequential force protocol (high tension followed by low tension) to the dsDNA tether in the presence of only Cy3-CMG and Mcm10 without the other replisome components. Unexpectedly, CMGM was observed to frequently switch to a rapidly diffusive mode upon lowering the force (31%, N = 200), traversing up to tens of kbp of dsDNA ( Figure 3A ). Two-color experiments showed that Mcm10 travels with CMG during diffusion on dsDNA ( Figure S7 ). We interpret this "modeswitch" phenomenon as CMGM transitioning from ssDNA to dsDNA, again necessitating opening of the ssDNA gate in CMG to pass one strand. This interpretation was validated using A488-RPA to distinguish ssDNA from dsDNA. When force was lowered, RPA-bound ssDNA regions reannealed to form duplexes, and CMGM originally residing at the fork junction departed the fork and underwent diffusion ( Figure 3B ). Conversely, upon re-introduction of ssDNA regions by applying high tension again, the rapidly diffusive CMGM soon located a newly formed ss-ds fork junction, at which diffusion halted ( Figure 3C ). Furthermore, when moved to another channel containing free replisome factors in solution, a CMGM in the diffusive mode can transition back to the ssDNA-binding mode and recover directed and processive movement with a speed consistent with fork progression ( Figure 3D ). This result indicates that the same CMGM that has left the fork junction is able to re-enter a fork and nucleate an active replisome. Importantly, in the presence of replisome components (Figures 2D and 3D) , CMGM rarely entered the diffusive mode (10%, N = 224), indicating that disengagement of CMG from an active DNA polymerase substantially stimulates its transition from ssDNA to dsDNA.
Mean square displacement analysis showed that CMGM motion over long regions of dsDNA is a random walk, with a diffusion coefficient of 1.81 ± 0.48 kbp 2 /s (mean ± SEM; N = 35) at room temperature (Figures 3E, 3F, and S8) . We presume that the rapidly diffusive form of CMGM is topologically linked to dsDNA, given our observation that diffusion persisted after high-salt wash and application of orthogonal hydrodynamic force ( Figure S9 ), and previous work suggesting that CMG (Langston and O'Donnell, 2017) and Mcm2-7 hexamer (Evrin et al., 2009; Randell et al., 2006; Remus et al., 2009 ) are able to encircle and slide over dsDNA.
Although we cannot rule out the possibility that CMGM can be diffusing on the surface of dsDNA, in either case mode-switching from ssDNA to dsDNA requires the ssDNA gate to open to either accept the complementary strand or to expel the original strand. As with the Mcm10dependent loading of CMG onto ssDNA ( Figure 1D ), Mcm10 is also essential for robust transition to the diffusive mode and preservation of CMG on dsDNA: when Mcm10 was omitted from the assay, the vast majority of CMGs (89%, N = 140) dissociated from DNA after collapse of the ss-ds fork junction ( Figure S10 ).
To summarize, we show that CMGM displays unexpected structural plasticity that enables it to switch between multiple functional modes. When uncoupled from a polymerase under replication stress, CMGM can transition from ssDNA to dsDNA (Figures 4A and 4B) .
DNA repair processes can involve fork reversal and recombination intermediates that are incompatible with retaining a replisome at the fork (Berti and Vindigni, 2016; Bhat and Cortez, 2018) . Indeed, single-molecule studies in the phage T4 system indicate that the replicative helicase is removed from the fork during reversal (Manosas et al., 2012) . Prokaryotic systems have evolved mechanisms of reloading the helicase onto the ssDNA of a collapsed fork for reactivation (Marians, 2018) . However, eukaryotes have not been documented to possess soluble CMG helicases for de novo reassembly. The ssDNA-to-dsDNA mode-switching we observe for CMGM provides an elegant way of helicase vacating a stalled fork while preserving it on DNA. After the repair is completed, the reverse mode-switch-from dsDNA to ssDNA-allows CMG to re-enter the fork to resume replication without doing so from the solution phase ( Figures 4C and 4D ). We provide evidence that Mcm10 stimulates these transitions between ss and dsDNA and remains associated with CMG during these ssDNAgating processes. We refer to this mechanism as "replisome preservation": while CMGM itself can nucleate a replisome by recruiting soluble components, it is also possible that other CMGassociated factors, or even the entire replisome, stay with CMG during these transitions. When two opposing forks converge upon replication termination or during interstrand crosslink repair, CMG is demonstrated to be targeted by the ubiquitin ligase and segregase for unloading from DNA (Amunugama et al., 2018; Maric et al., 2014) . But whether it is converging CMGs, CMG binding to dsDNA, or some other signal that triggers CMG ubiquitylation remains to be established. Moreover, ubiquitylation-dependent CMG disassembly takes over 20 minutes for significant amounts of removal (Dewar et al., 2017) , making it unlikely that a rapidly diffusing CMG is disassembled before returning to a fork.
The transitions between ss and dsDNA binding modes require opening of the Mcm2-7 ring to pass a strand either into the central channel or out of it. This ssDNA gate may also have utility in origin firing. Two CMGs are assembled head-to-head around dsDNA at origins with their N-termini facing each other (Bell and Labib, 2016) . Our previous cryo-electron microscopy structure shows that CMG encircles one strand and translocates in an N-first orientation (Georgescu et al., 2017) , which is recently supported by work from Diffley and colleagues (Douglas et al., 2018) . Thus, at an origin CMG must pass the non-tracking strand to the exterior-possibly through the ssDNA gate documented here-in order for the two head-to- (E) Representative kymograph demonstrating that CMGM loading at the fork leads to active replication. Cy3-CMGM and other unlabeled replisome components were loaded at a DNA fork marked by A488-RPA in the presence of Dig-dUTP. After incubation, the post-replication assembly was moved to a separate channel containing Cy5-anti-Dig for detection of nascent DNA (magenta). 
MATERIALS AND METHODS

SFP synthase reagents for protein labeling
Site-specific labeling of CMG and Mcm10 used SFP synthase (4'-phosphopantetheinyl transferase), which specifically recognizes a short peptide tag and catalyzes the covalent transfer of CoA-functionalized moieties to a single serine residue within the tag via a phosphopantetheinyl linker. SFP synthase was purified on a nickel-NTA column as previously described (Yin et al., 2006) . Cy3 and LD650 [a photostable version of Cy5 (Altman et al., 2011); Lumidyne Technologies] were functionalized by CoA and purified by HPLC as previously described (Yin et al., 2006) .
Preparation of Cy3-CMG
To obtain CMG labeled with a single Cy3, we modified a S. cerevisiae strain in which all 11 subunits of CMG have been integrated under inducible control (Georgescu et al., 2014) by inserting the "S6" peptide (GDSLSWLLRLLN) (Zhou et al., 2007) between the C-terminus of Cdc45 and its 3× FLAG tag. To insert the S6 sequence, we transformed and co-expressed Cas9, gRNA targeting a region downstream of the Cdc45 C-terminus, and a ssDNA encoding the S6 peptide into the CMG co-expression strain. Nourseothricin-resistant Cas9-NAT (Addgene #64329) and hygromycin-resistant gRNA-ura-HYB (Addgene #64330) plasmids were gifts from Yong-Su Jin (Zhang et al., 2014) . The gRNA sequence of the gRNA-ura-HYB plasmid was mutated with the Q5 mutagenesis kit (New England Biolabs) to ACTAGTTAACAATCCACTCA in order to hybridize with a 20-nt region downstream of Cdc45. The final labeling ratio was estimated to be ~100% from the extinction coefficients of Cy3 and CMG ( Figure S1A ). Peak fractions were aliquoted, flash frozen, and stored at -80 °C.
Preparation of LD650-Mcm10
To Figure S1B ). Peak fractions were pooled, diluted to a conductivity equal to 250 mM NaCl with 10% glycerol, 30 mM Hepes pH 7.5, 4 mM DTT, and 40 μg/mL BSA, aliquoted, flash frozen, and stored at -80 °C.
Preparation of A488-RPA S. cerevisiae RPA heterotrimer was purified as previously described (Henricksen et al., 1994) .
We used AlexaFluor488 (A488) NHS ester (Thermo Fisher) to nonspecifically label the primary amines of RPA. Preferential N-terminal labeling was achieved by labeling at low pH (7.0) for an NHS ester reaction (Selo et al., 1996) . Labeling was performed with 50 mM Hepes pH 7.0, 150 mM NaCl, 1 mM DTT, and 0.25 mM EDTA. RPA was incubated with A488 dye at a 1:5 molar ratio for 1 hour at room temperature, and the reaction was quenched with 25 mM Tris-HCl pH 6.8 for 5 minutes. Excess dye was removed from RPA by buffer exchange with 20% glycerol, 30 mM Hepes pH 7.9, 150 mM NaCl, 1 mM DTT, and 0.25 mM EDTA. The final labeling ratio was estimated to be ~90% from the extinction coefficients of A488 and RPA heterotrimer ( Figure S1C ). The final A488-RPA complex was aliquoted and stored at -80 °C.
Preparation of Cy5-anti-Dig
Anti-digoxigenin antigen-binding fragments (Fab) (Roche) were resuspended in 0. 
Preparation of biotinylated ssDNA
Double-stranded λ DNA with one strand containing 4 biotins each at its 5' and 3' ends was obtained from LUMICKS (Amsterdam, Netherlands). A single dsDNA molecule was first captured between two beads, as assessed by a characteristic force-extension (F-x) curve (Smith et al., 1996) . The non-biotinylated strand was then removed by overstretching the resolved by 10% PAGE, exposed to a phosphorimager screen, and imaged with Typhoon 9500 (GE healthcare).
Bulk replication assay
Unprimed, nucleotide-biased 3.2-kb forked DNA substrates that lack dC on the leading strand and dG on the lagging strand were used such that incorporation of 32 P-α-dCTP reported on 
Figure S4. CMGM is stable on ssDNA at high salt and under high tether tension.
Shown is a kymograph in which Cy3-CMG (green) and Mcm10 was first loaded onto ssDNA at low salt (50 mM potassium glutamate) and low force (10 pN) in the absence of ATP. The tether was then dragged to a new channel containing high salt (0.5 M NaCl + 50 mM potassium glutamate) followed by an increase of force applied to the DNA to >80 pN. In this example, the ssDNA tether was incubated with an elevated CMGM concentration compared to the experiments described in the main text (e.g., in Figure 1B ) in order to overload the tether with CMGM. The ability of CMG to withstand hydrodynamic dragging, high salt and high tension in the tether collectively suggests that it encircles ssDNA. CMGM, while in the dsDNA diffusive mode, persisted on dsDNA under hydrodynamic force generated by an orthogonal flow, suggesting that CMGM is topologically linked to dsDNA during rapid diffusion. The tether temporarily went out of the imaging plane when the flow was applied.
Figure S10. Mcm10 stabilizes CMG in the diffusive mode.
Representative kymographs show that, in the absence of Mcm10, CMG (green) predominantly dissociates (triangle) from DNA following fork collapse. d  e  l  i  n  ,  J  .  ,  A  r  g  a  n  d  a  -C  a  r  r  e  r  a  s  ,  I  .  ,  F  r  i  s  e  ,  E  .  ,  K  a  y  n  i  g  ,  V  .  ,  L  o  n  g  a  i  r  ,  M  .  ,  P  i  e  t  z  s  c  h  ,  T  .  ,  P  r  e  i  b  i  s  c  h  ,  S  .  ,  R  u  e  d  e  n  ,  C  .  ,  S  a  a  l  f  e  l  d  ,  S  .  ,  S  c  h  m  i  d  ,  B  . , e t a l . 
REFERENCES
